Oncology research is increasingly incorporating molecular detection of circulating tumor DNA (ctDNA) as a tool for cancer surveillance and early detection. However, non-invasive monitoring of conditions with low tumor burden remains challenging, as the diagnostic sensitivity of most ctDNA assays is inversely correlated with total DNA concentration and ctDNA abundance. Here we present the Multiplex Enrichment using Droplet Pre-Amplification (MED-Amp) method, which combines single-molecule emulsification and short-round PCR preamplification with digital droplet PCR (ddPCR) detection of mutant DNA template. The MED-Amp assay increased mutant signal by over 50-fold with minimal distortion in allelic frequency, enabling detection of low allelic frequency mutations (<0.05%) with DNA inputs lower than 5 ng. The MED-Amp assay successfully detected KRAS mutant ctDNA in 86% plasma samples obtained from patients with metastatic pancreatic ductal adenocarcinoma. This assay for high-sensitivity rare variant detection is appropriate for liquid biopsy samples, or other limited clinical biospecimens. 
Introduction
Prior research has shown that digital droplet PCR (ddPCR) has superior accuracy to traditional quantitative PCR (qPCR) for detection of rare genetic mutations. ddPCR also outperforms qPCR in biological fluids containing natural PCR inhibitors 1 , more accurately distinguishes between rare events and false-positives 2 , and minimizes measurement variation by partitioning DNA template into thousands to millions of discrete reaction volumes. Each droplet becomes an individual PCR reaction event, increasing target signal-to-noise ratio, and theoretically enabling detection of mutations with allelic frequencies lower than 0.1%. Due to its sensitivity and cost-effectiveness, ddPCR is an attractive alternative to next-generation sequencing for targeted detection of rare mutations. Thus, ddPCR is increasingly used in cancer research for high-sensitivity molecular detection of circulating tumor DNA (ctDNA) for non-invasive detection and monitoring of disease.
Circulating tumor DNA is released into the circulation from tumor cells and is a non-invasive prognostic indicator of survival 3 . However, the majority of cell-free DNA (cfDNA) in the circulation is wild-type and may contain as little as one mutant DNA fragment per milliliter of plasma 3, 4, 5 .
Prior work has demonstrated ddPCR is a powerful tool for ctDNA detection and serial monitoring for patients with advanced disease and high tumor burden 6, 7 . However, diagnostic sensitivity is inversely correlated with total cfDNA concentration, limiting detection in samples where either wild-type or mutant DNA concentrations are low 5, 8, 9 , such as serial monitoring of minimal residual
disease. An especially salient example is pancreatic cancer, where over 90% of primary tumors contain a KRAS mutation 10 . Yet in recent studies of patients with confirmed KRAS mutant positive tumors, only 35-43% of plasma samples also tested positive via ddPCR 5, 11, .
To further increase assay sensitivity for detection of low DNA input and low target abundance samples, several groups have performed short cycles of conventional PCR with a high-fidelity polymerase to increase the starting concentration of nucleic acids prior to downstream detection.
A recent study showed that preamplification of template increased true-positive ddPCR signal from 15-to 27-fold with only nine cycles of PCR with only a 1.5-to 9-fold increase in false positives. This preamplification method enabled detection of 0.05% mutant KRAS ctDNA in 50 ng of wild-type DNA 12 . Furthermore, multiplexed detection of cancer-specific mutations was possible with total cfDNA inputs as low as 9 ng. Similarly, fifteen cycles of preamplification prior to nextgeneration sequencing resulted in detection of mutant transcripts at 0.63% allelic frequency with DNA inputs as low as 2 ng 13 . However, conventional PCR is sensitive to amplification bias based on DNA fragment size,resulting in distortion of the original allelic fraction. Circulating tumor DNA is highly fragmented, exists at very low concentrations, and is systematically shorter than wildtype cfDNA 14 , making it particularly susceptible to these biases. Additionally, prior research has shown a 10-20% reduction in PCR amplification efficiency for mutation-containing DNA fragments in common tumor-specific genes, such as TP53 and KRAS 15 .
Here we describe a new assay, Multiplex Enrichment using Droplet Pre-Amplification (MEDAmp), which addresses the limitations described above. This method combines single-molecule DNA emulsification in picoliter volume droplets with nine rounds of preamplification using a highfidelity polymerase, followed by ddPCR detection of template. The MED-Amp assay has the capacity to identify single mutant DNA fragments from wild-type using cfDNA inputs below 5 ng.
We show that the MED-Amp method generates linear and unbiased DNA template amplification, enabling back-calculation of original ctDNA concentrations. Finally, we piloted our assay with plasma samples from patients with metastatic pancreatic ductal adenocarcinoma (PDA) for multiplexed detection of the four most common KRAS codon 12 mutations in pancreatic cancer (p.G12C, p.G12D, p.G12R, p.G12V) 10 .
Results
Multiplex KRAS mutation targeting. Our multiplex mutation detection method consisted of DNA template emulsification and PCR amplification in droplets prior to de-emulsification and repartitioning for analysis using standard TaqMan® chemistry ( Figure 1 ). In our assay, DNA template and high-fidelity polymerase master mix were loaded on the RainDance Source digital PCR system for single-molecule partitioning in 5 picoliter volume droplets. After nine rounds of PCR amplification, the resulting PCR product was de-emulsified, purified, and repartitioned with TaqMan® Genotyping Master Mix combined with TaqMan® probes for KRAS detection.
We designed a multiplexed TaqMan® probe panel targeting wild-type sequence, and the most common KRAS codon 12 mutations in PDA (p.G12C, p.G12D, p.G12R, p.G12V) 10 . Based on biorepository data (ICGC, QCMG, and TCGA) encompassing over 700 patients, these four KRAS mutations are present in 84% of PDA samples. Previous studies have shown ctDNA is heavily fragmented, averaging 160 bp in length 14, 16 . Therefore, we designed a KRAS primer set producing a 95 bp amplicon flanking the codon 12 mutation sites of interest (SI Table 1 ). To maximize assay sensitivity, a FAM reporter was used for all four KRAS mutant probes and concentrations were optimized such that all FAM-positive events clustered into a single gate. FAM-positive events would then achieve maximum separation from the much stronger wild-type VIC signal. We confirmed successful probe multiplexing into a single G12 mutation gate (labeled G12*) using a mixture of DNA from various pancreatic cell lines encompassing all four KRAS mutations (data not shown).
Detection of mutant alleles using droplet-based preamplification. We successfully identified KRAS p.G12D mutations in 87% of samples tested ( Figure 2a ). There was high concordance between measured KRAS mutant fraction post-preamplification and nominal expected fraction across the allelic frequencies tested (Figure 2b ). Post-preamplification FAM signal was linearly correlated with input mutant DNA copy number as described by a generalized least squares regression model with an exponential variance function to correct for heteroscedasticity (p<0.001).
Droplet preamplification improves variant allele detection compared to conventional PCR
preamplification. To assess overall assay performance, we then compared the number of mutant While preamplification resulted in a mean 50-fold increase in signal, this falls well short of the over 500-fold increase expected from nine cycles of preamplification. These data are consistent with prior reports of suppressed amplification using a variety of high-fidelity polymerases for preamplification 12, 13 . Amplification was uniform across a two order of magnitude change in mutant KRAS copy number and allelic fraction ( Figure 3c ). However, unlike other preamplification protocols 8, 9 , MED-Amp had no dependence on total DNA input (SI Table 2 ). These data show emulsified preamplification may improve the sensitivity of detection of variant alleles at extremely low concentrations.
We also compared picodroplet-versus conventional-PCR preamplification ( Figure 4 ).
Overall amplification ratio was not correlated with template emulsification (p = 0.38). However, droplet amplification was two-fold more efficient than conventional amplification as the allelic frequency dropped below 0.2%, near the limit of detection of most ddPCR assays (p = 0.03) (Figure 4a ). Importantly, conventional preamplification consistently underestimated mutant KRAS template allelic frequency, and was on average 59% lower than picodroplet preamplification (Figure 4b & 4c) . Therefore, droplet preamplification was further developed for highly sensitive and specific detection of rare variants.
Evaluation of high-fidelity polymerase performance. We next compared the performance of three commercially available high-fidelity polymerases, Q5® Hot Start High-Fidelity, PfuUltra II Fusion HS, and Platinum™ SuperFi™, in our assay. Each polymerase was tested at minimum four types at each mutant DNA copy number assayed. While all three polymerases were effective, Q5® led to a 59-fold increase in detected KRAS signal compared to PfuUltra II Fusion HS (50-fold) and
Platinum™ SuperFi™ (30-fold) (Figure 5a ). This trend remained after normalization for amplification variability by input mutant KRAS copy number. Q5® and PfuUltra II exhibited higher, more variable, signal amplification, while Platinum™ SuperFi™ signal amplification was lower and more consistent (Figure 5b ). We also compared the limit of detection (LOD) for the three polymerases using our assay. All three polymerases produced minimal false-positives in nontemplate controls: on average seven droplets for Platinum™ SuperFi™, ten for Q5®, and seventeen for PfuUltra II. These data informed limit of detection calculations for each polymerase.
We performed a chi-squared goodness-of-fit test and found droplet counts did not fit a Poisson distribution as is commonly assumed in analytical sensitivity measurements 17, 18 . Therefore, LOD was defined as three standard deviations from the mean false-positive count of each polymerase non-template control 18 . Based on these LOD calculations, Q5®, Platinum™ SuperFi™ and PfuUltra II detected three mutant KRAS molecules with 75%, 70%, and 60% sensitivity and 100% specificity, respectively (SI Table 2 ). Q5® High-Fidelity polymerase was selected for further assay optimization based on its performance in detecting extremely low amounts of KRAS mutations, efficiency in amplification, and specificity.
MED-Amp detection of KRAS mutations in plasma.
The genomic standards described previously were spiked into 1 mL of plasma from donors without cancer, and the DNA was isolated and assayed as described above. Each copy number input was assayed at minimum in triplicate.
Overall assay sensitivity in spiked plasma samples was 67.7% for fewer than 20 mutant DNA copies and 91% for 20 copies and above. Despite the presence of natural PCR inhibitors in plasma, and losses associated with the DNA isolation process, assay sensitivity remained high and compared favorably to detection rates using DNA reference standards alone (Figure 6a ).
MED-Amp detection of KRAS mutations in patient samples.
We next applied our assay to PDA patient plasma samples ( Figure 6b , Table 1 , SI Table 4 ). We measured KRAS mutations in blinded plasma samples from metastatic PDA patients (n = 7), and age-matched non-PDA patient controls (n = 10). Cell-free DNA was isolated from 1-2 mL of plasma from each patient. Final DNA concentrations ranged from 3 ng/mL to 49 ng/mL and were significantly higher in PDA samples compared to controls (p < 0.001, SI Figure 2 ). The maximum template volume of 8 µL per 25 µL reaction volume was used for each preamplification reaction (1.2 ng to 18 ng total). There was no correlation found between cfDNA concentration and age or sex across groups. Additionally, mutant KRAS detection did not correlate with total DNA input ( Figure 6c ). This is in contrast to prior reports where KRAS variant detection was correlated with higher DNA input, which does not itself necessarily correlate with disease activity 5, 9 .
KRAS codon 12 mutations were identified in 6 out of 7 PDA patient samples tested (Figure 6b & 6d), resulting in a diagnostic sensitivity of 86%. Three out of ten control samples also tested positive for mutant KRAS, yielding a specificity of 70%. Samples positive for the mutation had no correlation with age for either cohort. Measured allelic frequencies were highly heterogeneous in patient samples, ranging from 0.04% to 13.4%. The average mutant allelic frequency was much higher in PDA samples (3.89%) compared to controls (1.43%, p = 0.33) (SI Figure 2) . Based on input DNA concentrations, the total number of mutant DNA fragments present in the tested plasma sam-ples ranged from 1.56 to 195 copies.
We then examined the controls samples which tested KRAS-positive. Controls with sufficient remaining plasma, or isolated cfDNA, were re-analyzed using standard ddPCR, and the presence of codon 12 KRAS mutations was confirmed (SI Figure 3) . Two controls were censored after review of patient records revealed a prior history of cancer. Of the remaining eight patients, six had a history of colorectal polyps. Prior research has identified KRAS codon 12 mutations in 15-38% of patients with polyps 19 . Recent studies have also reported similar false-positive rates in patients with no history of cancer 20, 21, 22, 23, 24, 25 . These findings suggest somatic KRAS mutations may also be a marker of neoplasia or other premalignant conditions.
Conclusion
Current ddPCR-based genotyping studies have three major limitations: 1) a strong interdependence between total DNA input and assay sensitivity 5, 8, 9 , 2) low rates of ctDNA detection as compared to matched tumor tissue specimens 3, 4, 5 , and 3) misestimation of ctDNA allelic frequency. cfDNA input in the sub-5 ng range is a disqualifying factor for commercial digital sequencing assays 26 . In contrast, by using a droplet preamplification step with a high-fidelity polymerase, the MED-Amp method accurately detects low abundance mutations in sub-5 ng DNA input samples. Preamplification in droplets may be a critical step, as Barnard . Further validation in a larger patient cohort is needed, but our pilot data suggest picodroplet preamplification could achieve results similar to NGS-based methods and performed at less cost (approximately $200 per sample).
Interestingly, we found that 30% of controls tested positive for KRAS mutations. There is a growing body of showing KRAS and other tumor biomarkers are present at low levels in individuals with no evidence of malignant disease. These observations have been seen in cfDNA and exosomal DNA, at rates ranging from 5% -20%, consistent with the results reported here 19, 21, 23, 25, 22, 24 . The preponderance of studies reporting similar rates of oncogenic mutations using various detection methods, genetic targets, and ranges of DNA inputs suggests further investigation into the prevalence of these mutations in aging populations is warranted.
Furthermore, the majority of control samples are obtained at single-time points, and the lack of serial blood draws for analysis limits the ability to determine if the above results represent actual false-positivies or early detection of malignant conditions.
While this study focused exclusively on PDA, the method described here could be applied to other tumor types and biospecimens including fine needle aspirates 29 , as well as archived FFPE or frozen tissue samples. Assay sensitivity remained high, even when applied to frozen samples under extended storage conditions (> 2 years), enabling retrospective analysis of stored samples.
Furthermore, MED-Amp can be integrated with existing assays, such as mutation detection in circulating tumor cells 30 and next-generation sequencing of samples with limited DNA 13 . These qualities make MED-Amp a potentially verstaile tool that could be easily integrated into clinical studies. 
Materials & Methods Reagents and Materials

Preparation of KRAS genomic standards for assay benchmarking
Genomic standards were created with controlled mutant KRAS content by diluting Horizon KRAS Gene-Specific Multiplex Reference Standard with BxPC3 cell line genomic DNA. Standards were made to cover allelic frequencies ranging from 10.33% to 0.02% and total DNA content ranging from 50 ng to 5 ng. Standards were prepared in UltraPure™ DNase/RNase-Free distilled water.
Preamplification using ddPCR
A maximum of 8 µL of DNA template was used for PCR reactions using one of three high-fidelity polymerases: Q5® Hot Start High-Fidelity, PfuUltra II Fusion HS, and Platinum™ SuperFi™. The RainDance Source digital PCR system was used to partition the reaction mix into approximately 5 million droplets, each five picoliters in volume (Figure 1 ). PCR strips containing emulsified droplets were run in a thermocycler for 9 cycles of preamplification (PCR protocols available in Supplementary Information). The droplet suspension was de-emulsified using droplet destabilizer, and residual carrier oil removed. The PCR product was processed using the Qiagen MiniElute PCR Purification kit as specified, with an additional 5 minute incubation at 35°C prior to final spin down. The elution volume for all samples was 10 µL, and samples were stored at -20°C until further use. ddPCR detection of preamplified template 5 µL of each sample was added to 12.5 µL of TaqMan Genotyping Master Mix, 0.9 µL of 25 µM primers, 1 µL of droplet stabilizer, 0.15 µL of 12.5 µM probes for KRAS wildtype/G12C/G12D/G12R/G12V (probe sequences available in Supplementary Information), and water to a final volume of 25 µL. The RainDance Source digital PCR system was used again to partition the reaction mix, and emulsified droplets were processed in a thermocycler with a 10 min annealing step at 95°C, followed by 45 cycles of 95°C for 15 s and 60°C for 1 min, concluding with a 10 min extension at 98°C. Droplets were processed using the RainDance Sense digital PCR system, and resulting populations were gated using RainDance Analyst II™ software.
Patient Characteristics
Seventeen plasma samples were collected after Institutional Review Board approval (HUM25339) at University of Michigan and under compliance with HIPPA guidelines. Ten samples were collected from patients undergoing routine colonoscopy. Seven samples were collected from metastatic PDA patients. Eight patients were female, nine male. The average age was 54 for healthy controls and 66 for PDA patients (Table 1) . Two patients had prior, or ongoing, chemotherapy and radiation treatment.
Patient plasma collection
Patient blood samples were drawn in either Streck or EDTA tubes and were processed within 30 minutes of collection. Samples were centrifuged for 10 minutes at 820 xg at 4°C. The plasma supernatant was extracted via pipette and aliquoted in 1 mL volumes in 1.5 mL Eppendorf tubes. Plasma samples underwent a second spin at 16,000 xg for 10 minutes at 4°C. Samples were stored at -80°C until further processing. Matching buffy coat was also collected and stored at -80°C.
Patient plasma isolation
200 µL of Proteinase K was added to all plasma samples, which were then processed using the QIAmp® Circulating Nucleic Acid kit as specified. Purified DNA samples were eluted in 150 µL Buffer AVE (RNase-free water with 0.04% sodium azide) and stored at -80°C until further use. Samples were concentrated using a standard ethanol precipitation protocol. Briefly, 0.1 vol of sodium acetate, 2.5 vol of 100% ethanol, and 0.06 µg/µL of glycogen was added to each DNA aliquot and stored overnight at -80°C. Aliquots were centrifuged at 12,000 x g at 4°C for 30 min. The supernatant was decanted and the pellet was rinsed once with ice cold 70% ethanol. The supernatant was decanted, and samples were left to air dry before resuspension in 10 µL of UltraPure™ DNAase/RNAase-free distilled water. Samples were quantified using the Qubit™ 3.0 Flurometer High Sensitivity Kit. Final sample DNA concentrations ranged from 0.16 to 2.3 ng/µL.
Statistical analysis
Wilcoxon rank-sum or Kruskal-Wallis tests were used to compare differences between groups. The Conover test with holm p-value correction was used for posthoc analysis. Data analysis was performed using R 3.4.4, a multi-platform open-source language and software for statistical computing 31 .
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